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Spectro-Electrochemistry of Cobalt and Iron Tetrasulphonated Phthalocyanines

*m

W.A.Nevin, W.Liu, M.Melnfk, and A.B.P.Lever , Dept. of Chemistry, York

University, North York (Toronto), Ontario, Canada, M3J 1P3.

Abstract

Cobalt and iron derivatives of tetrasulphonated

phthalocyanine (TsPc) have been studied by

spectro-electrochemistry in aqueous solution at pH 2-10. For

CoTsPc, two reduced species are observed: yellow

2-
[Co(I)TsPc(-2)] and pink [Co(I)TsPc(-3)] 2

-, over the entire

pH range. In acid, oxidation gives a monomeric

[CoIII)TsPc(-2)] + species; in base, an equilibrium exists

between monomeric and dimeric forms of [Co(III)TsPc(-2)]+,

whose relative concentration depends upon concentration of

CoTsPc, ionic strength, pH and temperature. Reduction of

[Fe(III)TsPc(-2)1+ solutions gives green Fe(II)TsPc(-2) and

pink (Fe(I)TsPc(-2)1- over the entire pH range. Oxidation

gives a product which appears to be an [Fe(IV)TsPc] 2 +

species. Differences between the spectra of the species and

in the species obtained at different pH values, and

aggregation effects are discussed with reference to the

nature or axial coordination to the central metal atoms.

The developlment of suitable electrocatalysts for the reduction of oxygen

it a fuel cell cathode remains an important objective. Many research groups

.ire investigating macrocyclic MN1 systems as being likely to fulfil the many

,. stringent requirements for a successful commercial electrocatalyst [1-10].

Recently we were involved in an electrochemical study [11] of the oxv,en
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reduction properties of tetrasulphonatophthalocyanine (TsPc) derivatives of

cobalt and iron, CoTsPc and FeTsPc. The catalysts were deposited, at

monomolecular levels, on an ordinary pyrolytic graphite (OPG) electrode.

Under an inert atmosphere, a series of four redox couples were observed for

V FeTsPc and three for CoTsPc, corresponding to a sequence of one-electron

redox processes, proven by coulometry. The redox waves exhibited varying

dependence upon pHi. Since the redox process may occur at either the central

* metal ion or the phthalocyanlne ring, there is possible ambiguity concerning

the actual process occurring at a given wave and such processes may vary

* with pH.

For example, in the case of FeTsPc, the first reduction potential showed

a1 59mV/decade dependence upon pH in the alkaline region, but OmV/decade

- dependence in the acid region. This variation in behaviour mnight signify the

presence of valence isomers such that, for ex:anple, reduction of

Fe(lI)TsPc(-2) in the alkaline range might yield [Fe(I)TsPc(-2)V_, but in

-the acid range, [Fe(lI)TsPc(-3)F_ night be formed. Such distinctions are

*difficult to draw using electrochemistry alone and spectroscopy was used to

provide complementary information.

In this paper we report this spectro-electrochemistry in aqueous

4% solution over the PH range 2-10 (at approximately constant ionic strength).

The spectro-electrochemical data reveal the na~ure of the redox process,

permit one to olarifv whether a particular process night he pH dependent,

*;mld provide inid iti onal information such as degree of iagre)gat i or thec

pr2eenCe Ot ti i merisat inn * Note Ior thor that these diatil rep '_;en t LW hi is-

* erl edset -t elcroi pectra re2ported -or eries ()I redox T-U t.

pl Phi L ocy,-ni ne -;pecies lin i(Inoiis phase.

The nlonuc lturo ii1silk, is used tor i icoenuril b I pttnit lit (I

1 kii I 1 ir o ,tl nhi e , Ior ,poc i t iC C oiipotiinds, the o i Jdit i on t .t, t holt I

Iictai ind iflith ihocyaine ire defined. Hie Pr(-2) ;tate i i thle ,1.Oit-d

.......................................
-. . . . . . . . .- . * -. . . . . . . . . . . . . . . . . . - * * %
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oxidation state for the phthalocyanine ring [12].

Experi mental

The MTsPc (M= Co,Fe) species were prepared according to Weber and Busch

114]. Excess sodium salts were removed using dialysis tubing. Na2 SO4

(Anachemia, reagent grade) was purified by recrystallisation from aqueous

solution. NaHC0 3 and NaOH (BDH, analytical grade) were used as supplied.

Water was purified by double distillation over KMnO 4 followed by passage

through a Barnstead organic removal cartridge and two Barnstead mixed resin

tlitrapure cartridges. Solutions were made up in the following commercial

buffer solutions: (pH) 2.0, KC1,HC1, O.05M; 4.0, potassium biphthalate,

O.U5M; 7.0, KH2 PO 4 , NaOH, 0.05M; 10, K2 CO3 , K2 B4 0 7 .4H 2 0, KOH, O.05M (all

Fisher certified and used as supplied). A second pHlO buffer was prepared

using NaHCO 3 (0.08M) and NaOH (0.0088M).

Electronic spectra were recorded with a Hitachi-Perkin Elmer

microprocessor model 340 spectrometer or a Guided Wave Inc. model 100-20

Optical Waveguide Spectrum Analyser with a WWIO0 fibre optic probe.

Electrochemical data were collected with a Pine model RDE3 double

potentiostat or with a Princeton Applied Research (PARC) model 173

potentlostat or with a PARC model 174A Polarographic Analyzer coupled to a

PARC model 175 Universal Programmer. Room temperature spectro-

electrochemical measurements were made with an optically transparent

electrode (OTE) assembly utilising a gold minigrid, with platinum counter

and silver quasi-reference electrodes [15], which fitted into the sample

Compartment ot the 11itachi -Perkin i[mer mode 1 340 spectrometer. For

experiments at temperatures between U) and 8iU 0 C, i bulk electrolysis cell was

used, consisting of a cylindrical platinum gauze working electrode, silver

wire quasi-reference and platinum flag counter electrode (the latter

separated from the working compartment by a glass frit). Spectra were

"ii
'' -..- -, ' -. ,.:. * . . .. . .-. . .-. . . . . . ..-.-* .'-. ...-'.'.-. . .-- 'j% '"% "- -" . ,"-. .% ,.''' . % - ''' -.'''-'%
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recorded during bulk electrolysis by immersing the Guided Wave fibre optic

probe into the solution. Solutions were purqed continuously with nitrogen

gas.

Electron spin resonance data were obtained using a Varian E4

spectrometer calibrated with diphenylpicrylhydrazide. The species were

generated 'in situ', in the esr cavity, using a cell based on a published

design [16]. A gold coil was used as a working electrode, silver foil as a

quasi-reference, and platinum flag (separated by a glass frit) as counter

electrode.

Solutions for spectro-electrochemistry and esr-electrochemistry usually

contained 0.3M sodium sulphate as supporting electrolyte.

R-sults and Discussion

Cobalt Tetrasulphonatophthalocyanine Derivatives

Co(II)TsPc(-2)

CoTsPc, in aqueous solution, has been shown to exist as an equilibrium

between monomeric and dimeric (aggregated) six-coordinate Co(II)TsPc(-2)

species, where the relative concentrations of monomer and dimer are

extremely sensitive to a number of factors, such as concentration, pH, ionic

strength and temperature [17-28]. Five-coordinate species may also be

present [11 ]. Our experiments were carried out using aqueous solutions of

CoTsPc in concentrations of the order ot 10- 4M and added electrolyte at

3).M. Under these conditions, the phthalocyanine is expected to exist

preIomlndntty in the agqregated torm, possibly through hydrogen bonding

linkdle (via wter) ot the TsPc rinqs [23] ot through overlap between the

TT-elctron -Iouds )t the two TsPc rilqs (28,291 This aggregatbon is

°° . 4% . . . . . . . .
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manifest in the electronic spectrum, shown in Fig.1, which consists of a

broad Q band [20] of maximum 622nm, expected for the aggregate [17,19-27],

and only a shoulder at 665nm, where the maximum of the monomer occurs (663nm

[21-231). Under the CoTsPc and electrolyte concentrations used here, the

spectrum varied little over the pH range 2-10, in contrast to a previous pH

dependence study [27], where a substantial increase in monomer content was

found at higher pH values, even at 10- 4M concentration. This is the result

of the high ionic strength of our solutions (0.3M Na2SO4) which promotes

extensive aggregation even at high pH values, where the negative charges on

the TsPc rings might tend to inhibit close association.

Hence, CoTsPc is predominantly in the (Co(II)TsPc(-2)]2 form in the

starting solutions. As with other MTsPcs, there may be some higher

aggregated forms present [30-32], especially as a result of the high ionic

strengths used [21,22]. However, such higher aggregates are not expected to

be important in the CoTsPc case (231.

CoTsPc exhibits three redox couples in the region -1.5 to +0.9V vs SCE,
C.

two coup1.i (labelled [11] B,A; 2,1 in acid and base respectively)

correspond to net reduction of the bulk solution, and will be referred to

here as the first and second reduction waves, and one (D; 3) refers to net

oxidation, and will be referred to as the first oxidation wave.

Reduction Species

[Co( I )TsPc(-2)]

Formatiin )t tne first reduction product was carried out by polarisinq

the (told nini jrid at ca. 0mV ncuative of the first roduction wave. At all

pH valWs ;tllied (pH2,4,7,10), the colour :hanqes from blue to yellow; the

spectrum is -,ssentially independent of pH in the range studied and an

oxamplie, it I[H2, is shown in Fiq.1 with data reported in Table I. The yellow

colour trises trom the ippearance ot a stronq hand in the 440-480nm region,

v ,"- .""'"" .?, " ..-.. .. ,-? ... - ., ..-" '.'--'. . .- . _ .---. ....-. t" i--. -?'.2'.- -- -. .i- . .2 ' . .;-2:-,.. ..?: .:-. --", N ,'. ' : .-2- ..: - .-.-. *."'.*"%" * " ; " xx ." .?
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seen previously in chemically and electrochemically generated

• [Co(I)TsPc(-2)]- species [17,33-37]. This new band has been assigned

as metal to ligand charge transfer (MLCT), from Co(I)Pc[d(xz,yz)] to
*r

ii (lb u)Pc [35,38,39]. Notably this MLCT band is shifted by 20-30nm to

higher energy in aqueous solution relative to [Co(I)TsPc(-2)]- [17] and

other Co(I)Pc species [33,35-371 in organic solutions (Table I), and also to

the tetracarboxyphthalocyanine (TcPc) cobalt(I) species in water [10]. The

intensity of the MLCT band is greater than the intensity of the Q band, also

in contradistinction to organic phase data [17,33,35-37]. The spectrum

agrees well with previous aqueous phase data obtained via [BH 4 ]  reduction

of Co(II)TsPc(-2), although the relative intensities were not given [37].

Esr signals observed with Co(II)TsPc(-2) at pH2 and 10, disappeared upon

reduction, consistent with the formation of diamagnetic d8 [Co(I)TsPc(-2)]-

[17,36,371.

This difference in spectra between aqueous and organic phase probably

reflects a difference in structure, which is also likely to be related to

the chemistry of these species. Thus, the organic phase Co(I)Pc species

reacts with protons to yield Co(II)Pc [33], while the aqueous species as a

monolayer on ordinary pyrolytic graphite, or in solution, is stable in

fairly strong acid and, evidently, does not react with protons. The reason

for this variation in behaviour is being sought.

[Co( I )TsPc( -3)]2-

The ,I , f tormati on ot the second reduced species was strongly

le ,enden t in),) rin 2e 1)! cit the ;o [Iut i on . Previ ous work (11 I,a shown that the

:;,,'oto ,, 'ti,, on -xti ,nt al i,; vry !)If ipp) d fnt. At p1H2, the couple lies

)ily 20)mV ie;ative cit the first reduction wave, it a value ot -0.55V vs

';ce; )owevo r, it p)lI0, the coupl, es it ca. 700mV necative )t the tirst

r. -. .t ion' ' .v , it -1.2W vs s . --
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Unfortunately, it was only possible to record the electronic spectrum of

this species at low pH values, with the results shown in Fig.1 and Table I.

Formation of the species is characterised by a change in colour from yellow

to pink. There is a red-shift of the Soret, MLCT and Q bands. The MLCT band

spli ts into two components, and there is evident structure in the Q band.

This species has previously been positively identified as [Co(I)TsPc(-3)] 2-

[36,39]. Structure in the Q band is expected for a monoanion radical (39].

There are aqain characteristic differences between the spectrum of this

species in water, and the spectrum of the unsubstituted species

in dimethylformamide (DMF) (36], with the Q band being more intense,

relative to the MLCT band in aqueous solution.

At pH7 and 10, rapid evolution of gas at the working electrode at

potentials negative of the second reduction wave, made it impossible to

obtain the spectrum of the fully reduced species. However, the spectrum of

a pink solution containing both the first and second reduced products could

be 'deconvoluted' to show that the same product, [Co(I)(TsPc(-3)] 2 , is also

produced at these pHs, and, moreover, that its spectrum is hardly altered

from that in acid medium. Thus, this anion radical species of Co(I) may be

assumed to be formed over the entire pH range studied.

Oxidation Species

Oxidation ot the Co(II)TsPc(-2) starting solution, by applying a

notential 200mV positive )t the first oxidation wave, yielded spectra which

r,[ed t*) b , markedly p[i dependent. At pH2 and 4, a blue-qreen colour

l~v, [ i; t;e rectrum ,: ,;howni i P112(a) , with data in Table I. The '2

bn 1 ( iid ir~t ) r d ,- tits one 45nm r ative to the starting solution and

Sc~ iis rr-,3wer. This spectrum is typical ot that previously defined tor

> ( II[)T;P :(-2) :saecio.s i w tter, prepared by chemical means [18,21,27,37].

Iorov,, r, the ncr-,,i!e i n i ntonsi ty, and rid rrowi nq, )t the Q ban,4 ,-on

.2-.? ."-2: -. ..-.. . . , .. - - . . .-. . .- -. . .'.--. - . --- . _ -, _ . < ;< -,- . :
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%oxidation is: anticipated (39]. This species is likely to be

[(H 0) CO(III)TsPc(-2)] .probably mixed with ClCH O)Co(III)TsPc(-2) at pH2.
2 2

At pH7 and 10, however, oxidation results in the formation of two bands

in the Q regi on, at 632 and 666mm, both of comparable or greater intensity

to and narrower than the initial Co(II)TsPc(-2) Q band. A spectrum at pHlO

is shown in Fig.2(b). However, the relative intensity of these two bands

varied from sample to sample, and appeared dependent upon conditions such as

concentration of Co(II)TsPc(-2) and Na2)SO 4 1 and pH value. In particular,

decreasing the concentration of Co(II)TsPc(-2) yielded a much stronger band

at 666nm relative to 632nm on oxidation such that oxidation of a 1 x 10- M

Co(Ii)TsPc(-2) solution gave a spectrum in which the 666nm band was dominant

and the 632nn band barely present. The spectrum -.Itained upon oxidation of

a solution of 5 X 10-5 M Co(II)TsPc(-2) is shown in Fig.2(c). Decreasing the

concentration of electrolyte also led to d decrease in the intensity of the

hand at 632nm, as shown in Fig.2(d). once equilibrium had been reached, the

relative intensities of the two bands remained constant. Increasing the

potentiadl 11-d not significantly affect the relative Intensities until

potentidlu3 closc to the solvent limit were reached, when the intensity of

the 632nn hand declined; however some decomposition also occurred.

The possibility that one hand arises from Co(II)TsPc(-2) generated i~n a

chemical )r eleoctrochemical reaction between oxidation product and a solute

was exclkidea trm t:)-, iisensi ti vity of the spectrum to potential and on the

has. 1S Ir It t'i tj I jil ~t the pten ti Os t'it had li ttle effect upon the

L ui no -1-3( 1ti on had 1i tt 3ttect upon thle relative peak

ri tion, 7hon.jl in creasi~~ !ho ~ r ;npjer.1tkaro t,_ 80'jC caused a decreaso In the

o3 -mm.; ls an I it I nnsn o C r d ne 1'l t the 1 n teusi ty ot the Ooinpn ha nd

-)jo I I; n, r ,- t r , ~ i t!i r - r-,;t r J t ie ) ri n I s 1,1 pecr Iu . ',do . tI on of ;M F

"t iippe irinc( It tim iP i2~ n i in I a spec-trulm whicn ::ea
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very similar to that obtained in acid medium. Thus, there are two species

in equilibrium and it is most reasonable to assume they both contain

Co( III).

Previous work on MTsPcs has shown that raising the temperature [26,40],

decreasing the ionic strength [14,21,23,25,401 or addition of DMF [411

results in disaggregation of the dimeric species. Thus, the data point

strongly to a monomeric Co(III)TsPc species yielding the 666nm absorption,

and a binuclear species yielding the 632nm absorption.

Co(III) complexes are almost invariably six-coordinate. The

TsPcCo(III)/Co(II) couple shifts 59mV/decade with pH above pH7, but there is

no shift below pH7 [11]. These data strongly suggest the existence, in basic

solution, of species such as [(HO)2Co(III)TsPc(-2) ]  and

(HO(HHi2 )):o(II1)TsPc(-2). These probably contribute to the 666nm

absorpti on. Aggregation of these species is unlikely, since the axial

groups .7ll tend to keep the TsPc units apart. However, Co(III) complexes

readily trorm binuclear hydroxo-bridged species [421. Thus, the 632nm

,bsorpt :n :rDba jy , -s fro uch , y' .er t:r o-r Pezi 3, 1,clear species in

equl Ii bri im wi th rh e i x-coor in ate -oiit l(-Iear :-eci ts te d immediately

above,

2 [(HO)( I2 ))J(III)TsPc(-2)] s FSPC(H ,:, " - H-(. (1 H O)TsP + -

+ OH-

Hi -su ir , ir :.: - r ,, , : : ! - - ' c , , ,, , -A ., 1 1 ) , r ( I II) , n ( I I I ) ,

" )) i, ., 1 : " 3- ] n I-- nil ;nerilly

r.-cri-s:1 - it ti iili Y t:the .32nm

t):i r Ia lrn'-] s ir - ai': ,;pfJ ( Co- II)F.,'C 'ricies; however, no

-. -. - >:.: -r'i,- i :. nr ::: i M :tt tL.iy.ir t e comsFlex s ")t X III) hav.

21 - : . v7bO. "it i r ~v

, . . . . . . .. . . .
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In acid solution, Co(III)TsPc(-2) probably exists in the form

[(H 0) 2Co(III)TsPc(-2)]
+ [11]. The presence of two strongly bound axially

coordinated water molecules should prevent dimerisation, resulting in the

occurrence of only a monomeric species in solution, absorbing at 668nm, with

a vibrational component at 605nm. However, unlike Co(III)Pc species in

organic solvents [33,35,37,48], the Co(III)TsPc spectrum in acid solution is

broader and contains a shoulder at 635nm, indicating the presence of a small

amount of aggregated species. Possibly this may occur via hydrogen bonding

between the two axial water molecules. No previous study of the

dimerisation of Co(III)TsPc has been reported. It is relevant to note that

whereas the amount of aggregation increases with decreasing pH for the

Co(II)TsPc(-2) species [27), an opposite effect is found with pH for the

Co(III)TsPc(-2) species. Thus at pH7, the band at 666nm is stronger,

relative to the 632nm band, compared with a pHI0 solution. However, there

is an abrupt transition to the monomeric species spectrum below pH7, such

that at pH5.5, a similar spectrum to pH2 is obtained. This reversal in

behaviour between Co(II) and Co(III) is due to the formation of the

hydroxo-bridged species at high pH.

Iron Tetrasulphonatophthalocyanine Derivatives

[Fe(III)TsPc(-2)] + '

in the presence of air, solid FeTsPc exists as an Fe(III) species in the

form of an oxygen adduct [14]. In aqueous solution, prepared in air, an

Fe(III)TsPc(-2) species is obtained, possibly also in the form of an oxygen

adduc t [181, ,or as [(H.)O) Fe(III )TsPc(-2)I +  in aqueous acid, or

(HO)(H.M))V(IIi)rspc(-2) in aqueous il'-ali [11]. in parallel with CoTsPc, a

rionomer-dimer equilibrium oxists, dependent upon pH, concentzation, ionic

strength and t.emper.tlre [25,40]; however, the tendency to form dimers and

po1y -a.Iqreqate (1, pec1is appears qreiter tor t'eTsPc than for CoTsPc [40]. The

-4

.. . . . . .. . . . ~
. . . . . . . . . . . . . . . . . .. . . . . . . . . . . . .
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spectrum of a typical Fe(III)TsPc species, prepared for electrolysis at

pH10, is shown in Fig.3 with tabulation in Table II. As expected the

dimeric, aggregated form predominates, as shown by the broad Q band centered

at 632nm [14,18,25,40,49-51). The weak shoulder at 670nm probably arises

from a small amount of monomeric material [40]. At the high FeTsPc and

electrolyte concentrations used here, higher polyaggregates are probably

present [40]. The spectrum was essentially unaltered over the pH range

studied (2,4,7,10), in agreement with published results (25,40], and was

identical before and after degassing. At least in alkaline solution,

contributions from 1-oxo species are anticipated; these however, would also

absorb near 630nm and may be difficult to detect spectroscopically

[43,45,51].

FeTsPc exhibits four redox couples in the region -1 .4 to +0.9V vs SCE,

corresponding to three successive reductions of the bulk material (labelled

[I I C,B,A; 3,2,1 in acid and base respectively) and one oxidation of the

bulk material (D; 4).

Reduction Species

Fe( II)Tspc(-2)

Formation of Fe(II)TsPc(-2) directly from the Fe(III) species by

electrolysis some 200mV negative of the Fe(III)/Fe(II) couple (C;

3) (referred to as the first reduction couple) was progressively more

difficult with increasing pH. Thus, at pHI0, prolonged electrolysis

produced only a broad band at ca. 666nm (due to Fe(II)) with a prominent

shoulder at '30nm believed to be mtue to un-reduced Fe(IIl)TsPc(-2).

The Fe( II) product was, however, readi ly ienerated by polarising the

electrode negative of the second reduction wave (Fe(II)/Fe(I)), producing

Fe( I)TPc (see below), and ra-oxidising by polarisation at a potential

.......................................
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positive of the Fe(II)/Fe(I) couple but negative of the Fe(III)/Fe(II)

couple. This produced a spectrum (Fig.3, Table II) whose Q band intensity

was about one-third larger than that of the band produced, in alkaline

medium, by one-electron reduction of Fe(III)TsPc. At pH2 and 4, this

Fe(II)TsPc(-2) spectrum could be obtained directly by one-electron reduction

of the Fe(III)TsPc(-2) species.

These data can be explained if it is assumed that the relative cont-

ribution of P -oxo Fe( III) species, such as %

TsPc(-2)(H 20)Fe-O-Fe(H 20)TsPc(-2), increases with increasing pH; this is

certainly not unreasonable, cf e.g. TsPcMn-O-MnTsPc species (52]. The

electrochemical behaviour of a pure TsPcFe-O-FeTsPc species has not yet been

characterised, however data for the unsubstituted species in pyridine has

recently been reported (531. These show a one electron reduction to a mixed

valence Fe(III)-Fe(II) species occurring some 200mV negative of the

Fe(III)/Fe(II) wave of the PcFe(II)Py2 mononuclear complex, and complete

reduction to a Fe(II)-Fe(II) species occurring 1250mV negative of the

mononuclear Fe(III)/Fe(II) couple. Similarly, reduction of the analogous

PcMn-O-MnPc species (44], and of p-oxo[bis(tetraphenylporphyrin)Fe(III)]

[54] occurs significantly to more negative potentials than the

corresponding wave in the mononuclear analogues. Thus, the Fe(III)/Fe(II)

reduction couple in TsPcFe(III)-O-Fe(III)TsPc will be shifted negative of

that of the monomeric (and aggregated dimeric) species. The residual 630nm

absorption in the spectrum of reduced species at potentials only 200mV

negative of the Fe(III)/Fe(II) couple (due to non-oxo species) must then

originate in un-reduced I-oxo species remaining in solution. Reduction

negative of the second reduction potential (to Fe(I)), reduces the total

Fe(III)TsPc component and removes the ,j-oxo species thereby. In acid

solution, the u-oxo species cannot exist and the problem does not arise. A

similar problem arose with the reduction of Fe(III)TcPc(-2) 10] in alkaline
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solution. There was residual absorption near 630nm due to the unreacted

Fe(III)TcPc .-oxo species, present in the Fe(II)TcPc(-2) spectrum, but its

presence was not recognised.

The green Fe(II)TsPc(-2) species was unequivocally defined by its

electronic spectrum [18,50], especially by the observation of a band near
If

440nm commonly seen in low-spin six-coordinate Fe(II) phthalocyanine species

[10,35,55-59] and associated with the Fe(II)-axial ligand interaction

[10,57-59]. The spectrum was independent of pH.

The spectrum does show indications of aggreaation in both acid and

alkaline medium. The broadening of the Q band absorption near 630nm in acid

solution cannot arise from a V-oxo Fe(III)TsPc contaminant since this would

not exist in this medium. A rigorously six-coordinate species is not likely

to show aggregation because of steric constraints. Either the coordinated

water molecules are labile, allowing one to be replaced by another

Fe(II)TsPc(-2) moiety, or there is a small contribution from five-coordinate

species, which could aggregate.

[Fe( I)TsPc(-2)]

Reduction at ca. 200mV negative of the second reduction couple, yields a

pink solution, whose principal feature is an intense new band at ca. 490nm

and a red-shifted and weakened Q band, compared with Fe(II)TsPc(-2) (Fig.3,

Table II). The spectrum is similar to that previously reported for

(Fe(I)TsPc(-2)]-, obtained by [BH 4 ]- reduction of the Fe(III)TsPc species in

H 2 o/207o DrI' 1491, nd that obtained through electrochemical generation from

Fe(II)Pc [36,55]. The intense band near 490nm i.s undoubtedly MLCT in origin,

in parallel with [Co(i)TsPc(-2) ]- described above. Aggregation does not seem

to be inportint in ei-ther the acidic jr basic range, perhaps because the

negative :arqe tends to keep the molecules ipart. However, unlike the

cobalt(I) spectes, the spectrum of the iron(I) species is dependent upon pH,

J .< -"q --:- > .' '.'--" .7.. [- -:- -[-':, ,-. -. - .- ? . -? , --, -,-- , "< --, > -/ . ". --. --? .'- '. . -: .:,.- : "? . ".,[. -'. -'o -,[[.: ,:" ,--.a'
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with red shifts of both the MLCT and Q bands with increasing pH, though the

overall spectroscopic pattern does not change (Table II). [Fe(I)Pc(-2)]-

is known to coordinate axi.al ligands to form five-coordinate species [55].

The potential of the Fe(II)/Fe(I) couple shows no dependence per pH decade,

in the basic region [11]. It is unlikely that there would be axial hydroxide

bound to Fe(I), so there can be no axial hydroxide bound to Fe(II). However

we do anticipate water coordination to Fe(II)TsPc(-2). Possibly the

difference between acidic and basic medium could be ascribed to axial

coordination of water in acidic medium, and no axial ligand in basic medium.

The same situation arises in the [Co(I)TsPc(-2)]- case discussed above.

The absence of a dependence of the Co(I) spectrum on pH may mean that water

is coordinated to [Co(I)TsPc(-2)]- in both the acidic and basic regimes, or

that the extra electron in this species, along the axis, weakens the axial

interaction to such an extent that it has little purturbing effect on the

electronic spectrum.

The MLCT band is blue-shifted by 25-30nm for the [Fe(I)TsPc(-2)J-

species in pH10 solution, compared with [Fe(I)Pc(-2)]- [36,55] and

[Fe(I)TsPc(-2)]- in H 20/20% D14F [49], while the Q band is red-shifted by

40-50nm and is of lower intensity relative to the MLCT band. This species

was easily obtained at pH10; however, it became progressively more difficult

to obtain at lower pH values due to decomposition of the phthalocyanine and

evolution of gas at the electrodes at the required potentials. For the most

part, decomposition involved destruction of the phthalocyanine ring and loss

of visible region absorption. In particular, at pH2, it was not possible to

obtain a pure species, though the appearance of a pink color and spectrum,

% si-mlar to that at pH10, indicates that in [Fe(I)TsPc(-2)}- species is still

obtained.

The overall conclusion i.; that [Fe(I) PsPc(-2)1- is tormed over the

entire pH ranqe studied, at pxtentials some 200nV neqative at the ';tcond

.....-.. -.. ...... . . ... .. .. ,..-..-. . ---. , . ..- - -,. -. ..-,,-? b . - .- ,,-..-, .- -,.-'< .



reduction couple.

[Fe(I)TsPc(-3)]2-

Although the third reduction couple occurs only ca. 200mV neqative of

the second at pH2 and 4 [11 ], we were unable to obtain a satisfactory

spectrum ot this species due to gas *volution and oecomposition of the

phthalocyanine. An impure species spectrum was obtained at pHI0 (Table II).

This showed a lower intensity MLCT hand at 490nm, and additional bands at

370, 650 and 730nm. The similarity of this spectrum to that reported for

[Fe(I)Pc(-3)] 2-  [36], and for [Fe(I)TsPc(-3)]2-, produced by [BH 4 -

reduction of Fe(III)TsPc in H20/207 pyridine [49], and to the s ctrum

reported here for [CO(I)TsPc(-3)]2- leaves little (oubt that, at ph10, this

anion radical species of Fe(I)TsPc is the third reduction product. By

analogy with CoTsPc, (Fe(I)TsPc(-3)]2- is also expected to 1-_ the third

reduction product (couple A) in acid solution.

Oxidation Species

Oxidation of an [Fe(III)TsPc(-2)] + species in the OTE assembly, at a

potential positive of the first oxidation couple resulted i-n the growth of a new

band at 680nm, at the expense of the Fe(III)TsPc Q band absorption. The Soret

peak was broadened into a shoulder. However, the phthalocyanine decomposed

rapidly, so that there was a general loss in overall intensity of the

chromophoric species. Decomposition could he reduced, hut not stopped, by

carrying out the oxidation at 0 C, when the spectrum shown in Fiq.4 was obtained

(see also Table II). The oxiIa tion -eversible, in tha t the or i 4ial

FPe(II)TsPc(-2) spectrum can be obtained by electrolysis 200mV noqative of the

first oxilation wave, but the overall irtensity thereof, is reduced. The soectrum

shown In Fi .4 .- ,ui te different from those of X2 re( Ili)Pc(-1 ) n

X'Co( IIt)Pc(-1 ) films [131 (X = a halogen) and from X2Co(lI)Pc(-1) in chloroform
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[48], where these phthalocyanine ring-oxidised radical species were produced by

halogen oxidation of the M(II)Pc precursors. The spectrum does not contain the

extra features expected for a phthalocyanine oxidised ring species [39], but

rather, looks more like the spectrum of a MPc(-2) species. Thus, these data

provide evidence for formulation as an Fe(IV)TsPc(-2) species, at pH7. Further

experiments are in hand to seek a solvent where this species might be stable for

more detailed study.

Summary

The redox couples A-D or 1-4 (in acid or base, respectively [11]) for CoTsPc

and FeTsPc have been defined by spectro-electrochemistry over the pH range 2-10.

For FeTsPc, couples A, B and C correspond to (Fe(I)TsPc(-2)]-/[Fe(I)TsPc(-3)]2-,

[Fe(II)TsPc(-2)1/[Fe(I)TsPc(-2)]- and (Fe(III)TsPc(-2)]+/[Fe(II)TsPc(-2)],

respectively. Couple D has been shown to be probably

[Fe(IV)TsPc(-2)] 2 +/tFe(III)TsPc(-2)]+, rather than the expected ligand oxidation.

For CoTsPc, couples A and B (i and 2), in a similar manner to FeTsPc, are

[Co(I)TsPc(-2)]-/[Co(I)TsPc(-3) ]2- and [Co(II)TsPc(-2)J/[Co(I)TsPc(-2)]-,

respectively. Some uncertainty was present in the voltammograms in acid solution

in the earlier study [il] in the oxidation region, where an ill-defined wave

(labelled C) was seen, followed by a wave D at higher potential. We have shown

that couple D (and 3 in base) is in fact due to the

[Co(III)TsPc(-2)]+/[Co(II)TsPc(-2)] couple, and hence the broad region C may be

due to the existence of variously qgiregated Co(II)TsPc(-2) species.

Severail trends in the pit de[pendence Ot tormation t the redox specles ire

likely due to differences in axial c-oordination of the central metil itoms. in

addi tion, it is interestinq t) note ;,)mt, i terences in Iimer formation between

the iron aini cobalt specios (Table I1). ,%gqreqation ot Co(II)TsPc(-2) is i

reult f its very lahi i, axial 'sat r ioleculps. Howov.-r, the d 6 Fe(1I)TsPc(-2)

'-p
.1[]
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species is not expected to be labile, and this is shown by only partial

aggregation in solution. Co(III) is also d6 , and [Co(III)Tspc(-2)) + is found to

be non-aggreqated (in acid solution) as a result of the non-lability of its

axially coordinated water molecules. In contrast, Fe(III)TsPc(-2) is fully

aggregated in acid solution due to the lability of its axial ligands (ca 10-4M,

high ionic strength).

In base, the tendencies of Co(III) and Fe(III) to form hydroxy- and

p-oxo-bridged species, respectively, are manifested in the

spectro-electrochemistry of [Co(III)TsPc(-2)] + and [Fe(III)TsPc(-2)] + at pH 7-10,

which is markedly different from that found in acid solution.
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Figure Legends

Fiq.1. Uv-visible absorption spectra of (a) Co(II)TsPc(-2) ( ), and

electrochemically generated [Co(I)TsPc(-2)]- (..) and (b)

2-
electrochemnically generated [Co(I)TsPc(-3)) •CoTsPc]

5 x 10 M, [NaSO4 ] = 0.3M, pH 2. Spectra taken with OTE.

Fig.2. Uv-visible absorption spectra of electrochemically generated

[Co(III)TsPc(-2)1+: (a) pH4, [CoTsPcI= 5 x 10 4 M, [Na 2 SO4 ] = 0.3M4; (b) pH1g,

[CoTsPc] 6 x If) 4 M,  [Na 2 SO4 ] = 0.3M; (c) pH 10, [CoTsPc) = 5 x 10 - 5 M,

[Na2SO 4] 0.3M; (d) phio, [CoTsPc] 7 x 10- 4 M, [Na 2 SO 4 1 = 0.08M. Spectra

taken with OTE.

-'iq.3. Uv-visible absorption spectra of [Fe(III)TsPc(-2)] (__), and

, lectrocheinically generated Fe(II)TsPc(-2) (-) and [Fe(I)TsPc(-2)]-

....) sees. [FeTsPc] 6 x 10- 4M, [Naso4 ]  0.3M, pH 10. Spectra taken

with OTE.

Fi;.4 7!v-vi slble )b;orpti on spectrum of electrochemically oxidised

[Fe(Itt)T1 tc(-2)]+
. ial -concentration of FeTsPc 2 x 10-5M,

[ 3,] 1 , 7, i em.: 'DC. :pectra taken with a ribre opt'.c probe.
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